Three experiments are carried out for earthquake monitoring using electromagnetic (EM) methods in recent years. Some earthquakes occurred in chance of the measurement time period for each experiment and the anomalies were recorded before the shocks. The observation at a site 20 km away from the epicenter of Zhangbei M S 6.2 earthquake in 1998 shows that the apparent resistivity decreases in the strike direction before and/or during the earthquake and the resistivity increases in the decline direction. This anomalous variation in apparent resistivity accounts for about 20%. The apparent resistivities at a site in the epicentral area decrease in the strike and decline directions before and/or during the earthquake and increase after shocks. The experiments using artificial electromagnetic signals with super low frequency carried out in 1999 show that the resolution and stability of electric and magnetic spectra are improved. The spectra of electric and magnetic fields and apparent resistivity at the Baodi station began to anomalously change two days before the Qian'an earthquake with 120 km distant to the station. The anomalous variation of electric and magnetic spectra is about twice as great as normal variation and the apparent resistivity changes by about 20%. The measurements in active seismic area of Yunnan province in the year 2005 indicate that the electric and magnetic spectra anomalously change by one order before the Taoyuan earthquake about 100 km away from the observatories. But the measurements at the sites in Beijing area 2 000 km away from the epicenter do not show any anomaly.
Introduction
Since the 1970s the anomalous change of resistivity in the crust prior to earthquakes has been studied and the valuable data have been obtained (Reddy et al, 1976 ; MT Group of Institute of Geology, State Seismological Bureau, 1981; Tang et al, 1998; Zhao et al, 2003) . Although it is debatable whether or not the earthquake can be predicted, in other words, it can be announced for time, position and amplitude of an earthquake before the earthquake (Tselentis and Melis, 1996) , the increasing data of earthquake monitoring have shown that the electromagnetic anomalies indeed exist before disastrous earthquakes and the events can be predicted if the relationship between these electromagnetic effects and the physical process in the crust can be understood (Johnston and Uyeda, 1999) . Bleier and Freund (2005) reported that accurate earthquake warnings are, at last, within reach. Instead of coming from the mechanical phenomena that have been the focus of decades of the study, they will come from electromagnetic phenomena. The positive relation amounts to about 80% between earthquakes and electromagnetic (EM) anomalies detected by using satellite observation (Parrot, personal communication, 2006) . Several satellites have been launched in recent years aimed at test of EM monitoring on the earthquake (Parrot, 2002; Zhao et al, 2007a, b) .
Since the Xingtai earthquake occurred in 1966 electromagnetic methods have been applied to earthquake monitoring in China. However most of data come from observations using traditional electric and magnetic methods (Ma et al, 1982; Zhao et al, 2007b) . This paper will present the observed data using the electromagnetic (EM) methods similar to magnetotellurics (MT) but different from traditional electric and magnetic methods. In the EM methods the data of electric and magnetic components are recorded at each site simultaneously. The Doi: 10.1007/s11589-009- depth in the crust detected by observed EM data is related to the signal frequency and is larger than those by traditional electric methods. More accurate geoelectric structure beneath observation sites can also be obtained (MT Group of Institute of Geology, State Seismological Bureau, 1981) . Prior to early 1990s the magnetotelluric method was used to monitor the Tangshan earthquake (M S 7.8, 1976 ) and earthquakes occurred in central Qilianshan in northwestern China. The anomalous variations in resistivity before and after earthquakes were recorded (MT Group of Institute of Geology, State Seismological Bureau, 1981; Zhang et al, 1987 Zhang et al, , 1994 Wang et al, 1993) .
During the last decade either equipments or data processing of the EM method are improved so that the data quality is enhanced and more confident information is achieved (Tang et al, 1998; Zhao et al, 2003 Zhao et al, , 2005 Qian et al, 2009) . A few experiments on monitoring crustal resistivities and electromagnetic anomalies will be presented in this paper by natural and artificial electromagnetic methods. The data from a newer observation in Yunnan seismic area will be analyzed along with the previous observed data (Tang et al, 1998; Zhao et al, 2003) . The data of electrical field, magnetic field and/or resistivity presented in the paper cover the whole measurement time periods without artificial selection. Fortunately, the earthquakes occurred in chance of all these measurements and anomalous variations of resistivity and electromagnetic fields were recorded although it is the only experiment carried out by our group with purpose to test the possibility of EM methods for earthquake monitoring. It is expected that it will richen practical examples for earthquake monitoring by using electromagnetic method, which is helpful to the studies on earthquake prediction using these experiments.
Resistivity variations before and after the Zhangbei earthquake
Zhangbei M S 6.2 earthquake occurred in the conjunction area of Zhangjiakou-Penglai seismic belt with Shanxi seismic belt in North China on January 10, 1998. The epicenter is located at Meimaocun village (MMC) in Zhangbei county. The focus was at about 12.8 km depth (Yang and Chen, 2004) .
Magnetotelluric (MT) measurements were carried out on 1 June 1994 at the site 511 in Daijiafangzi of Wanquan county, about 20 km away from the epicenter of the Zhangbei earthquake. MT observations were carried out repeatedly at the site 511 from January 13 to 14 and from 20 to 21, 1998 after the earthquake. The observations were also carried out at site Meimaocun village (MMC) in the epicentral area. MT measurements were performed neither for longer time period nor for more sites due to the difficult conditions, e.g., very cold climate (−30 °C).
The equipment MMS-03E from Metronix was used in the MT measurement. The electrodes were buried below frozen ground in order to avoid the influence from atmosphere and ground surface. The MT data were continuously recorded for more than twenty hours each day. The robust data processing is adopted in data analysis. The threshold of coherence 0.9 is used for evaluating data quality so as to obtain confident data.
Positions of the site 511 and four electrodes in the first measurement in 1994 were exactly used in the measurement carried out in 1998. The apparent resistivity and phase obtained in 1994 is considered as the first data set (F511). The apparent resistivity and phase during the period from January 13 to 14, 1998 is noted as the second data set (S511). Those data from January 20 to 21, 1998 is the third data set (T511). Thus three data sets F511, S511 and T511 are available in data analysis (Figure 1) .
The observation time range at the site MMC is four whole days from January 16 to 20, 1998, and the observed data are appointed as date sets MMCB, MMCC, MMCD and MMCE with interval of one day in turn (Figure 2 ). The obvious difference between the sites 511 and MMC either in curve shapes or values of the apparent resistivity and phase represent the different geoelectric structures between north side (MMC) and south side (511) of the Chongli-Shangyi fault.
The apparent resistivity and phase for different data sets are shown in Figures 1 and 2 for the sites 511 and MMC, respectively. All these data come from transverse electric polarization (TE) model because the TE model is able to reflect deeper resistivity structure beneath the site more sensitively than the transverse magnetic polarization (TM) model does.
Figures 1 and 2 show that the apparent resistivities and phases for different data sets are agreeable at the sites 511 and MMC, respectively. The errors for both of resistivity and phase amount to 5% generally, except for those in the period T>100 s at 511 and T>1 000 s at MMC amounting to about 10% or more. Therefore the difference larger than 10% between different curves can be considered as anomalous variation. The anomalous variation of apparent resistivity at the site 511 appears in the period ranging from 0.1 s to 1 s, and that of phase appears in the period from 0.4 s to 4 s. Apparent resistivities of S511 (January 13, 1998) and T511 (January 21, 1998) decrease by about 17% and 11%, respectively, in comparison with F511 (June 1, 1994) ( Figure 3a ). The phases of S511 and T511 decrease by about 15° and 5°, respectively, in comparison with that of F511. So the change in resistivity and phase bigger than 10% in the above period ranges can be considered as anomalous variation. It is also found that the change in apparent resistivity for TM model increases by 20% and 14% for S511 and T511, respectively, in comparison with F511 (Figure 3a) . Furthermore the increase of apparent resistivity from S511 to T511 for TE model and its decrease from S511 to T511 for TM model implies that the crustal resistivity is recovering after shocks.
The anomalous change of apparent resistivity at the site MMC appears in the period from 0.4 s to 4 s. However, the apparent resistivities of all later three data sets MMCC (January 18, 1998), MMCD (January 19, 1998) and MMCE (January 20, 1998) increase in comparison with MMCB (January 17, 1998) for both TE and TM models. The apparent resistivity for both models gradually increases from MMCB to MMCE, that is, it increases by about 20% from MMCB to MMCC and by the maximal proportion 50% from MMCB to MMCE, respectively (Figure 3b ). The period range of anomalous change in apparent resistivity corresponds to the depth of about 10 km or more either for the site 511 or for the site MMC. This depth is coincident with earthquake focal depth roughly. Therefore, it is postulated from the data at the site 511 that resistivity decreases at the depth of about 10 km before and/or during earthquake firstly and then increases after the earthquake in the strike direction (ρ F511 >ρ S511 and ρ S511 <ρ T511 ) for TE model. On the contrary the resistivity increases firstly and then decreases in the decline direction (ρ F511 <ρ S511 and ρ S511 >ρ T511 ) for TM model. This suggests that the rocks are fractured along the strike direction before and/or during earthquake and more water or other fluid fills the pores, so that the resistivity decreases along the strike direction. The pores are closing after the earthquake, leading to the resistivity increase along the strike direction. On the other hand, the pores in rocks are closed by compressive stress along the decline direction before and/or during the earthquake, resulting in resistivity increase firstly during earthquake and then decrease after the shocks.
For the site MMC located at the epicentral area, the resistivities in both strike and decline directions increase gradually from MMCB to MMCE (ρ MMCB <ρ MMCC < ρ MMCD <ρ MMCE ) after the earthquake. This may show that the crustal resistivity decreases during earthquake and then recovers after the shock. The resistivity decrease in both tectonic directions during the earthquake may indicate that the crustal rocks are broken seriously in either direction during the earthquake, resulting in resistivity decrease. After the shock the broken rocks are closing gradually, letting resistivity increase.
Earthquake monitoring using artificial SLF electromagnetic signal
The super low frequency (SLF) band defined by International Telecommunication Union (ITU) ranges from 30 Hz to 300 Hz. The artificial SLF electromagnetic technique is a new method founded by combining radio physics with geophysics, in which the artificial alternate powered source is generated. The transmitter consists of two orthogonal antenna cables and signal generators. Each cable is laid on the earth surface where the higher resistivity exists from earth surface down to a depth corresponding to the skin depth for signal frequency. Each cable with several dozen of kilometer length is connected with earth through large-sized electrodes at both ends of the cable. The electrodes are buried in the earth where low resistivity exists. The sinuate electrical current with amplitude greater than 100 A is transmitted to two cables by signal generators.
The current circuit is formed by cable, electrode, earth and signal generator. The alternate current in the circuit induces the alternate electromagnetic field, which exists in the space and propagates in the conductance between earth surface and ionosphere. The electromagnetic waves can transfer to thousands of kilometers or more with a little attenuation in the space. The signal amplitude and phase are mainly influenced by the source so they are stable, enhancing the sensitivity of EM fields to the anomalies caused by earthquake.
An experiment was done in 1999 at five sites in Beijing area to measure the signal transmitted from the station Zevs in Kola peninsula of Russian with about 6 500 km between observatories and the transmitter in Kola. The largest distance between any two different sites among the five sites is about 100 km. The frequency of signal used in experiment is around 80 Hz. One electric component and one magnetic component perpendicular to each other are measured at each site. The culture noise level is quite different for different sites among the five sites but all power spectrum densities (PSDs) of SLF signal at different sites are 20−30 times as great as those of natural signals (Zhao et al, 2003) .
The continuous measurement was done at one of the sites, station Baodi, for ten days (May 4 to 14) to monitor the change in electromagnetic field and resistivity. The electric component is in the direction of N10ºW and magnetic component in N80ºE. The space between both electrodes for electric measurement is 100 m.
The time series recorded at the station Baodi (Figure 4) show that amplitude of the artificial signal is bigger than that of the natural signal either for electric or for magnetic field. The power spectrum density (PSD) is calculated for each component based on the time series ( Figure 5 ). When the spectrum resolutions 0.026 4, 0.002 58 and 0.000 32 are used in the data processing, three different ratios of PSD of artificial signal to natural signal, i.e., 3, 20 and 250 are obtained. Therefore the higher spectrum resolution is used, the bigger ratio S/N can be reached.
Data analyses show that the coherency between electric and magnetic fields for SLF signal amounts to about 0.95 but that for natural fields is about 0.1−0.5 due to stronger culture noise, which indicates that the data with higher precision can be reached when SLF signal is used in measurement.
During the continuous observation for ten days (May 4 to 14) the data were measured every day in the same time interval. The magnetic sensors and electrodes were laid out in fixed points. The same equipments were installed on the same conditions. SLF signals with the same amplitude were transmitted from the station Zevs in Kola peninsula. It is found that the spectra of natural signals change to some extent but those of SLF signals are rather stable, indicating that the spectral change of SLF signals is almost irrelative to natural signals (Zhao et al, 2003) .
The apparent resistivity and phase using SLF signals were calculated every day. The variation characteristics of electric and magnetic spectra (PSD), apparent resistivity and phase during the ten days can be divided into two time sections (Figure 6 ). For the first time section from May 4 to 9 the spectra are relatively stable with maximum fluctuation amounting to about 20% generally. The apparent resistivity keeps about 25 Ω⋅m. It is postulated that the fluctuation of electric and magnetic spectra in this time section are caused by comprehensive effects from ionosphere, atmosphere and cultural noise. The values of apparent resistivity and phase do not change as big as electromagnetic field. The stable apparent resistivity also indicates that the subsurface resistivity structure does not change significantly. Data processing shows that the maximum error of apparent resistivity is about 2.9% using artificial signal, however, using natural signals that can reach about 10%. This phenomenon indicates that SLF data is much less influenced by culture noise than natural data. The PSD of electric and magnetic fields and apparent resistivity change much more in the second time section from May 10 to 14. The electric and magnetic spectra gradually increase from May 10 to 12, reaching twice as great as average value of the first section. The apparent resistivity increases by about 10% during the second time section. All they decrease from May 13 to 14. In chance, Qian'an M S 4.2 earthquake happened at 08:55 on May 12 with about 120 km distance to Baodi station in the ENE direction. The focus locates at a depth of about 33 km.
The anomalous variation of electric and magnetic spectra and apparent resistivity from May 10 to 12 indicates that it may be related to the Qian'an earthquake due to no other factors can interpret these anomalies. Both of the Qian'an earthquake epicenter and Baodi station are located in Malanyu block in Yanshan tectonic region. The Qinglong-Luanxian fault is the eastern boundary of Malanyu block and lies near the epicenter. Major compressive stress in the studied area is along ENE direction (State Seismological Bureau, 1982; Ma, 1989 ; Bureau of Geology and Mineral Resources of Hebei Province, 1989) and is approximately perpendicular to the Qinglong-Luanxian fault. During preparation of the earthquake, porous density decreases with increasing compressive stress, causing resistivity increase at the Baodi station by about 10% (Figure 6 ), which is similar to the resistivity increase in the decline direction for the Zhangbei earthquake on January 10, 1998.
The electromagnetic radiation might appear along Qinglong-Luanxian fault due to friction effect, piezoelectric effect (Huang, 2002) and/or electrokinetic effect (Mizutani et al, 1976; Zhao et al, 2005 Zhao et al, , 2008 from the fault when an earthquake happens, which can cause disturbance of electric and magnetic fields. The experiments empirically indicate (Saraev, personal communication, 1999; Saraev et al, 2002 ) that the electromagnetic anomaly caused by an earthquake with M S 5.0 can be detected within the distance of about 200−300 km from the epicenter. Therefore it can be reasonably considered that the increased electromagnetic variation from May 10 to 12 is due to the crustal deformation before the earthquake. The decrease of amplitude variation in electromagnetic fields and apparent resistivity after May 12 is relative to the recovering process after the crustal deformation caused by the earthquake.
Experiments in active seismic area
New experiments were carried out in active seismic areas of Yunnan province and in capital area around Beijing city from September 18 to 29, 2005 in order to propel electromagnetic technique in earthquake monitoring in China. One electric (along NS direction) and one magnetic field (along EW direction) were measured at four stations, that is, Qiaojia and Dongchuan in Yunnan province (Figure 7 ) and Shisanling and Huailai in capital area. The frequency band ranges between 300 Hz and 30 Hz. The data recording began from September 14 in capital area, and then technicians moved to the stations Dongchuan and Qiaojia of Yunnan province to start observation.
The data were recorded in early morning and later afternoon every day with about two hours for every recording. An earthquake with M S 3.6 occurred at 09:52:22 on September 21, 2005 in Taoyuan village in Yunnan province. The epicenter is about 70 km to the Qiaojia station and about 130 km to the Dongchuan station ( Figure 7) .
The PSD of magnetic field are obtained at the stations Dongchuan and Qiaojia for the frequencies 170.667 Hz, 126.667 Hz and 85.333 Hz, respectively (Figure 8 ). From Figure 8 we can see that the PSD on September 20 and 21 are bigger by one order than other days either for morning measurement or for afternoon measurement, while the variation of PSD among other days is similar. Figure 8 gives the data of morning and afternoon on September 20 and 21 but only morning data for other days are shown. Similar analysis on the previous examples shows that the anomalous increase on September 20 and 21 are related to the Taoyuan earthquake.
Furthermore the measurements at the stations Shisanling and Huailai in capital area indicate that there is no anomalous variation either for magnetic or for electric field during the same time period, and the data varies much more smoothly from day to day. The unclear disturbance appearing during earthquake occurrence can be interpreted by too long distance (about 2 000 km) between the epicenter and observatories in the capital area. 
Discussion and conclusions
Thee experiments cited in this paper are carried out in recent years by our group with a clear aim of earthquake monitoring using EM methods but all they met the earthquakes occurred and the anomalous variations in electric and magnetic field and/or apparent resistivity are recorded for all three examples, which suggests that the earthquake can cause anomalous variation of electromagnetic data, or, they are not individual or occasional events at least.
Only apparent resistivity anomaly is studied without considering electromagnetic anomaly before and after the Zhangbei earthquake due to the limited understanding for the earthquake anomaly at that time. The anomalous changes in resistivity appearing near the earthquake epicenter are relative to foci and local tectonics. The different resistivity anomalies occurring between strike direction and decline direction are relative to the tectonic stress fields. This phenomenon could be correlated to the re-arrangement of the pores filled with fluids in the faults and/or in the fractures, resulting in the pores richening and resistivity decreasing along the strike direction (Zhao et al, 2005 (Zhao et al, , 2008 .
The experiments in Baodi station and in Yunnan province show that anomalously relative variation in electro-magnetic field is bigger than that in apparent resistivity appearing before earthquakes. The reason for this phenomenon is that the apparent resistivity is obtained by the ratio of electric to magnetic fields. If both electric and magnetic fields have same variation proportion, the resistivity will keep the stable value. If the different variation proportion appears between electric and magnetic fields, the resistivity will change. Therefore more obvious anomaly for electric and magnetic fields can be observed than for the resistivity generally. The experiments strongly suggest that we should measure and study the electric and magnetic fields themselves in addition to study resistivity when EM methods are used for earthquake monitoring.
With installation of electromagnetic instruments in more seismic stations, it is expected to apply electromagnetic technique more widely to earthquake monitoring. The measured EM data for the Wenchuan M S 8.0 earthquake on May 12, 2008 also demonstrate the similar anomalies appear before the shocks, which will be introduced in another paper.
